Conclusions and Recommendations
Gamma-ray spectrometry in the environment has been established as a rapid and sound method for the determination of radio nuclide activities and dose-rate quantities. The method is used on the ground and for measurements with aircraft. The main field of application is the determination of activities per unit area after anthropogenic radionuclide depositions. It is equally well suited for measurements of activities per unit mass of natural radionuclides. Also, it has a great potential for measuring airborne radionuclides after accidental releases into the atmosphere, especially for noble gases.
In this Report, characteristics of germanium detectors relevant to in situ gamma-ray spectrometry have been reviewed. The theory and methodology for conducting ground level measurements of source distributions in both the soil and the air have been treated comprehensively. Uncertainties of the results obtained by the method and minimum detectable activities have been derived. New data sets for parameters in the evaluation procedure of the measurement results are given, covering a larger range of photon energies and using more recent nuclear data than data sets previously published. In Appendix A of this Report, conversion factors are listed which allow the calculation of radionuclide activities per unit area of ground from measured fiuence rates of primary photons in air. For the application, a value of the attenuation of the primary photon fiuence by the soil has to be assumed. In the Appendix, activity distributions decreasing exponentially with the mass per area in the ground are used to parameterize this attenuation. Exponential conditions can arise in the environment either by a single deposition of radioactivity followed by migration in a non-eroding or accumulating environment, or as the result of a constant rate of deposition in a sedimentary context followed by physical decay of radioactivity. In other cases, e.g., multiple deposition events or due to significant erosion processes, non-exponential profiles may develop. Separate investigations of activity profiles are recommended under such circumstances.
In Appendix B, conversion factors from the activities per unit area with exponential depth profiles to the resulting kerma rates in air are given. It has been shown that for depth distributions with different shapes but with the same attenuation of the primary photon fiuence, the kerma rates in air are very similar. (Jacob et al., 1994a) For attenuation factors of the primary photon fiuence in a range ofO.1 to 1.0, the kerma rates of the various depth distributions differ by less than 20 percent. If other than exponential distributions of the radio nuclides in soil are to be used in the evaluation of the photon spectra, calculations for plane sources or for point sources which have been published recently can be used. Data analogous to those in the Appendices, but for natural radio nuclides distributed homogeneously in soil, are given in Tables 3.4 and 5.2. In urban environments, in situ gamma-ray spectrometry with shielded detectors is an efficient tool for determining the activity per unit area of individual surfaces.
In situ gamma-ray spectrometry can be used to determine radioactive noble gas concentrations in air. In this case, the signals are not disturbed by sources from the ground and are, therefore, direct measures of the air concentrations. In general, for measuring at locations not too close to the release point and without major obstacles in the environment, a homogeneous half-space source can be assumed. Conversion factors from primary photon fiuences at a height of 1 m above ground to radio nuclide air concentrations are given in Appendix A (Table A. 2), and factors relating the air concentrations to kerma rates in air in Appendix B (Table B .2). Bias due to an assumption of a homogeneous half-space source have been assessed for locations close to the release point. For radionuclides other than noble gases, the signal from radionuclides deposited on the ground has to be taken into account.
The largest source of uncertainty in the results of in situ gamma-ray spectrometry is the assumption that has to be made on the depth distribution of the radionuclides in the soil. The result of the measurement, i.e., the activity per unit area or mass, is proportional to the attenuation of the primary fiuence rate by the soil, which may be derived directly from such distributions. Table 3 .5 summarizes measurement results for depth distribution parameters after radio nuclide deposition. Since the variation in the parameters observed is large, it is desirable that methods for an in situ determination of the attenuation using the measured spectra are developed. Progress in this direction is described in Section 3.1.5. As long as these methods have not been developed to a sufficient degree of applicability and in situations where an assumption on the attenuation of the radiation is regarded as being too uncertain, measurements of soil samples have to be performed. The effective relaxation mass per area, ~, may be obtained either by measuring depth profiles or by measuring the activity per unit area and making a comparison with the in situ measured primary photon fiuence rate. For rough, but quick estimates, values in Table 3 .5 may be used as guidance for choosing depth distribution parameters in the evaluation of the measurement data.
The aerial survey technique is a versatile and powerful method for measuring radionuclides in the environment. Atmospheric activity concentrations can be measured by aerial gamma-ray spectrometry, and using a Gaussian model, the release rate can be estimated. The methodology developed for uranium exploration has been refined. Similar approaches have recently been applied to quantifying anthropogenic radionuclides. Conversion factors from fluence rates of primary photons at different heights above ground to activities per unit area are given in Tables 4.3 through 4.6 for various depth distributions of the photon emitters in the ground. Progress in response modelling can be expected in the near future. In parallel with this, development of instrumentation may lead to further use of high resolution detectors, either in arrays or as parts of hybrid systems incorporating scintillation and semiconductor detectors. This, itself, would contribute significantly to simplifying calibration methods, and there is a need for the development of international standards for calibration. Spectral distributions of absorbed dose rate in air can be determined with good accuracy and resolution by in situ gamma-ray spectrometry. A combination of n-type germanium detectors with an unfolding based on response functions, which have been obtained by simulation calculations of the radiation transport in the detector, was found to be particularly successful. However, for many applications, a determination of the response functions by exposing the detector to radiation sources has been shown to be sufficiently accurate. In this case, appropriate interpolation and extrapolation schemes in source energy have to be used and contributions from photons that have scattered in the source and in the surroundings have to be corrected for.
